Automated or semi-automated ultrasonic examination techniques particularly Time of Flight Diffraction (ToFD) and Phased Arrays (PA) are increasingly being used to replace conventional radiography of various categories of welds in pressure vessels. This is a most important issue when the vessel thickness is quite high with respect to the penetration range of common Radiation source. Although there are high energy alternatives like high energy X ray generators typically Betatrons and Co-60 Radiation source, but use of such high energy pose the high risk of radiation exposures and legal constraints. Moreover, Radiography of a big diameter and very high thick vessel requires considerably long exposure time and results in huge production loss and reshoots in radiographs may make this condition worse. Since ASME BPV Code now approves use of ToFD and Phased Arrays as automated or semi-automated Ultrasonic examination either as a mandatory requirement, alternatively or in lieu of Radiography, applications of these techniques have become quite common in the pressure vessel industry. In this paper we have tried to explain such use of Phased Array technique and its pros and cons while examining a boiler drum welds of 155mm thick shell and 75mm head. This vessel was supposed to be examined by Co-60 Radiography, but since use of such high energy source is prohibited without adequate protective measures, we had no other choice of using Phased Array as an alternative to Radiography. The requirements of ASME Sec I (Power Boilers) and ASME Sec V article 4 Mandatory Appendix VII and how to meet those requirements has been discussed here.
Introduction:
A boiler drum has been manufactured in accordance with the requirements of ASME Sec I: 2015 edition. The owner of the vessel first wanted to perform Radiography, but since the thickness of the vessel is on the higher side (Shell: 155mm & Dish: 76.2mm), radiography by Gamma ray is ruled out. Use of Co-60 is fully restricted because of radiation safety reason. So the manufacturer proposed use of Ultrasonic testing by automated or semi-automated data acquisition. That is use of Phased Array technology. The typical vessel data is described below: Vessel name: HP Drum. Shell Thickness: 155mm; Outer Diameter: 2291mm. Dished End: Hemispherical. Dish Thickness: 76.2mm; OD: 2133mm Total length: 15669mm. Weld joint type: Double V butt joint. Shell to head joint: Shell is chamfered from 155mm to 76mm. Refer to figure-1 through 5 for weld joint and edge preparation details of Shell to shell and shell to dish joints. ASME Sec I Requirements: ASME BPV Code Sec I Table PW-11 specifies volumetric examination of welded joints in pipes and vessels. Table PW-11 requires that longitudinal welds of all thickness and circumferential welds of vessels having thickness more than 29mm or diameter of NPS 10 inch shall be subjected to volumetric examination, either by RT or UT. This examination requirement is irrespective of whether the Drum/Shell is subject to furnace radiant heat or not. PW-52 of ASME Sec I refers to ASME Sec V, Article-4, Mandatory appendix-VII for using automated or semiautomated Ultrasonic examination in accordance with workmanship based acceptance criteria. ASME Sec V defines two types of acceptance criteria for non-destructive examination, specifically for automated ultrasonic testing:
1. Fracture mechanics based: a standard for acceptance of a weld based on the categorization of imperfections by type (i.e., surface or subsurface) and their size (i.e., length and through-wall height). 2. Workmanship based: a standard for acceptance of a weld based on the characterization of imperfections by type (i.e., crack, incomplete fusion, incomplete penetration, or inclusion) and their size (i.e., length). Whereas workmanship based acceptance criteria gives more importance to the type of flaw (for example Lack of fusion and crack types flaws are unacceptable irrespective of size and length), fracture mechanics based acceptance criteria gives more importance to the through wall height of the flaw and length of flaw and differentiate between flaw types by either surface or sub surface. Advanced ultrasonic testing like Phased Arrays and ToFD are able to size the flaws by length and height more accurately than conventional ultrasonic testing, particularly ToFD is able to correctly size the flaw by length and height more than any other technique. But the inherent limitations of ToFD is that it is not clearly specifies the type of flaw with respect to Lack of fusion or inclusions etc. (This is a requirement of workmanship based criteria). Hence use of ToFD is rather difficult in ASME Sec I piping and vessels. To resolve this issue, ASME Sec I has recommended to use code case 2235-13 (latest edition), which allows to use fracture mechanics based acceptance criteria for Sec I piping and vessel also. Code case 2235-13 allows ultrasonic examination of Sec I piping and pressure components (Boiler drums) use of fracture mechanics based criteria on thicknesses 13mm and above.
Flaw location corrections due to ID and OD difference:
The vessel ID is 1981.2 mm and OD is 2291mm. the thickness is 155mm. Because of high thickness, the total circumference of ID and OD have considerable difference. The following are the calculations to determine the difference in length between OD and ID circumference: Shell outer diameter: 2291mm. Now, if the same flaw is detected from the ID surface scan, the measured length from the ID surface will be calculated as follows: 89.5 = L'/(1+(155-120)/990.5) = L'/1.035 L' = 89.5 * 1.035 = 92.66mm So the measured length should be 92.6mm while scanning and measuring the same flaw from the ID surface. So when scanning from ID side, a length correction to be added to match it with the OD side scanning. Generally the correction factor due to ID-OD factor is calculated as: Scanning has been done from both ID as well as OD to cover the 100% weld volume.
Procedure demonstration& qualification: ASME Sec V Article-4; Mandatory appendix-IX specifies the requirements of procedure qualification when using Fracture mechanics based acceptance criteria, but recommendations of Mandatory appendix-IX is not applicable for workmanship based acceptance. Hence use of appendix-IX is not mandatory for ultrasonic examination of Sec I vessels and components. However, since mandatory appendix VII does not provide any guideline for flaw sizes to be inserted for demonstration, a guideline has been taken from Mandatory appendix IX for the size determination of the inserted flaws. It should be kept in mind that all the flaws inserted are by EDM method and they are all planar in nature resembling side wall lack of fusion and in accordance with workmanship based criteria, any length of Lack of fusion is unacceptable. But for the demonstration purpose, we need to insert some flaw sizes which are practically possible to insert, a guidance has been taken from Appendix-IX. The aim of the demonstration is to validate that measured flaw sizes by Phased Array are at least equal or exceeds the inserted flaw sizes. A minimum of 6 flaws have been inserted in each block, out of which two are surface connected and four are sub surface. The lengths and heights of the flaws have been calculated as per table 7.10 of ASME Sec VIII Div. 2. Refer to figure-7 & 8 for details of demonstration blocks.
Results of Phased Array Examination:
Based on the scan plan and successful demonstration of the technique on the validation blocks, different long seam and circumferential seam welds have been examined by Phased Array and several repair locations have been identified. Several areas of lack of side wall fusion were observed in both longitudinal and circumferential welds. One such indication is given in figure-9 showing lack of fusion type indication at the root area.
Conclusion:
Workmanship based acceptance criteria is a conservative approach to weld acceptance, whereas a fracture mechanics based acceptance provides more flaws to be accepted and do consider the flaw type based on either surface or subsurface. A planar type flaw such as Lack of fusion, lack of penetration is rejectable regardless of length in case of workmanship based criteria whereas such flaws can be accepted based on height and length of the flaw with respect to the thickness of the base metal. As an example, considering the fracture mechanics based criteria, a flaw either planar or volumetric of height 6.2mm and length 24.8mm can be accepted in a 155mm thick vessel whereas considering workmanship based criteria the same flaw is rejected even if it is a volumetric flaw (like slag inclusions) based on the 19mm maximum flaw length criteria. In case of planar flaw, it is summarily rejected regardless of length. Workmanship criteria has been developed on the basis of capabilities and limitations of flaw sizing by various NDT methods and take into consideration wide variations and inherent limitations of flaw sizing by different NDT methods. Experience has shown that implementation of workmanship criteria worked very well and no such failure due to the acceptance criteria has been noticed. However, workmanship criteria is highly conservative and it has also been observed flaws that are rejectable in accordance with workmanship criteria did not cause any failure during the service life of the vessels. Moreover, in some cases workmanship criteria has resulted in high repair rates resulting in delay in production, which may be avoided without any loss of integrity of the component. Development of fracture mechanics based criteria allows more flaws to be existant without compromising the integrity of the component. Advancement of ultrasonic techniques and development of software capabilities makes it possible to determine the flaws sizes including height and length more accurately enabling the fracture mechanics criteria to correctly applied and ensure the failsafe operation of the components with existing flaws. 
